Standardization of the diagnostic routine for children with congenital heart disease associated with pulmonary arterial hypertension (PAH-CHD) is crucial, in particular since inappropriate assignment to repair of the cardiac lesions (e.g., surgical repair in patients with elevated pulmonary vascular resistance) may be detrimental and associated with poor outcomes. Thus, members of the Congenital Heart Disease and Pediatric Task Forces of the Pulmonary Vascular Research Institute decided to conduct a survey aimed at collecting expert opinion from different institutions in several countries, covering many aspects of the management of PAH-CHD, from clinical recognition to noninvasive and invasive diagnostic procedures and immediate postoperative support. In privileged communities, the vast majority of children with congenital cardiac shunts are now treated early in life, on the basis of noninvasive diagnostic evaluation, and have an uneventful postoperative course, with no residual PAH. However, a small percentage of patients (older at presentation, with extracardiac syndromes or absence of clinical features of increased pulmonary blood flow, thus suggesting elevated pulmonary vascular resistance) remain at a higher risk of complications and unfavorable outcomes. These patients need a more sophisticated diagnostic approach, including invasive procedures. The authors emphasize that decision making regarding operability is based not only on cardiac catheterization data but also on the complete diagnostic picture, which includes the clinical history, physical examination, and all aspects of noninvasive evaluation.
It is estimated that congenital heart disease/defects (CHD) occur in approximately 1% of live births. Currently, in privileged communities, patients with CHD undergo repair early in life (first days, weeks, or months), with the aim of reducing the long-term sequelae of their heart disease, especially pulmonary vascular disease. Anomalies involving communications between the cardiac chambers or the great arteries, in the absence of significant pulmonary stenosis, are associated with increased pulmonary blood flow and pressure, leading to progressive remodeling of pulmonary arteries and increased pulmonary vascular resistance (PVR). In some patients, PVR fails to decrease properly after birth, and a real picture of increased pulmonary blood flow is never observed (frequently seen in highaltitude patients). These are the pathophysiological scenarios of pulmonary arterial hypertension associated with CHD (PAH-CHD). Anomalies associated with pulmonary stenosis or atresia may also present with developmental abnormalities of the pulmonary vasculature, which constitute limitations for complete repair. The Panamá classification of pulmonary hypertension in children includes not only PAH-CHD but also "no-shunt" cardiovascular abnormalities (developmental and acquired) and all pediatric disorders that can affect the pulmonary circulation at all ages. 1 The position of PAH-CHD among the pediatric etiologies of pulmonary hypertension may be appreciated in a recent report of a Dutch registry including 3,263 patients. 2 Many patients with CHD have simple communications between the systemic and the pulmonary circulation (atrial and ventricular septal defects [ASDs and VSDs, respectively] or patent ductus arteriosus [PDA] ). More than 90% of these patients are subjected to percutaneous or surgical repair early in life on the basis of simple, noninvasive diagnostic evaluation. In these instances, the clinical history, physical examination, chest X-ray, and echocardiographic analysis show features of a typical hyperkinetic pulmonary circulation associated with congestive heart failure, pulmonary congestion, and failure to thrive. However, an estimated 5%-10% of patients do not present with these features, even in the presence of large, unrestrictive communications. 3 These patients generally are subjected to invasive diagnostic evaluation (cardiac catheterization) prior to surgery, and a PVR above 3 Wood units m 2 is detected (PAH-CHD). Although all large, unrestrictive communications may be associated with PAH, early development of severe pulmonary vasculopathy is particularly frequent in certain anomalies, such as truncus arteriosus, transposition of the great arteries with a VSD, and complete atrioventricular septal defects. Nearly 100% of unoperated patients with these anomalies will develop PAH. In a similar way, unoperated patients with large, unrestrictive VSDs or ASDs are also at risk (>50% and ∼10% risk, respectively). [4] [5] [6] [7] [8] [9] In addition to the size and type of the defect (for example, posttricuspid vs. pretricuspid communications), late referral, the presence of associated extracardiac syndromes (especially Down syndrome), and the degree of obstruction to the pulmonary venous flow (particularly in complex anomalies) are important risk factors. 10 In contrast to patients with congenital cardiac septal defects and a hyperkinetic pulmonary circulation, PAH-CHD patients are at a higher risk of serious postoperative complications, including right cardiac failure and death. 11, 12 Those who survive surgery remain at risk of persistent PAH, which is sometimes diagnosed years after repair. Thus, it is critically important to decide whether the patient may undergo repair of the defect with an acceptable operative and perioperative risk and little chance of developing pulmonary vascular disease in the long term. This is particularly important because outcomes (survival curves) are considerably worse for patients with postoperative PAH than for those who remain unoperated and develop the Eisenmenger syndrome. 2, 13 However, because as yet there is no consensus on which patients should be classified as PAH-CHD patients and because sophisticated diagnostic tools are not available in many cardiac centers throughout the world, individuals are still frequently assigned to repair of their lesions at a high risk of complications.
There is a dearth of evidence to support definite recommendations in this field. Yet most specialists would agree that in the present era, it is not reasonable to assign patients with high PVR levels to surgery. We therefore decided to conduct a survey aimed at collecting the opinion of experts in many different countries on the management of PAH-CHD. The objective was to define minimal requirements for safely assigning patients to repair of their lesions (particularly surgical repair).
SURVEY PREPARATION AND DISCUSSION
The survey consisted of 11 questions with multiple alternatives as answers. At the end of each question, a space was given for free comments and suggestions on the subject. The survey covered many aspects of the management of PAH-CHD, from clinical recognition to complete diagnosis and essential requirements for immediate postoperative support. The questions focused on the management of patients with biventricular hearts. Decision making concerning patients destined to follow a cavopulmonary surgical pathway was not discussed.
Thirty-one pediatric cardiologists and pulmonologists from 14 different countries participated and expressed their opinions. During the year 2012, the initial question-naire containing the 11 questions was sent to the participants. The answers were collected and summarized and served as the basis for a plenary discussion that was held on January 23, 2013, in Istanbul, Turkey, during the 6th Workshops and Debates meeting of the Pulmonary Vascular Research Institute. Then a text was prepared and sent to the participants for final approval. The final revised work was finished on December 15, 2013.
EVIDENCE AND STRENGTH OF RECOMMENDATIONS
The following classes of recommendation and levels of evidence for efficacy are used in the different topics throughout the text. In each of the topics, the strength of recommendation and the level of evidence correspond to the conclusions and statements that appear in boldface in the text.
Classes of recommendation
Class I. Strong recommendation. Class II. Conflicting evidence and/or a divergence of opinion about the usefulness/efficacy of the treatment. Class IIa. Weight of evidence/opinion is in favor of usefulness/efficacy. Class IIb. Usefulness/efficacy is less well established by evidence/ opinion.
Levels of evidence for efficacy
A. Data derived from multiple randomized clinical trials or meta-analyses. B. Data derived from a single randomized clinical trial, multiple trials with heterogeneous results, or observational studies. C. Consensus of opinion of the experts and/or small studies, retrospective studies, registries.
THE GENERAL CONCEPT OF PAH-CHD
There was general agreement that some patients with congenital communications between the systemic and pulmonary circulation need a more individualized approach in terms of diagnosis and care management, as they do not have the typical features of increased pulmonary blood flow, leading to the assumption that PVR is at least moderately elevated. With respect to the decision to operate, these patients (especially pediatric patients) are often referred to as "borderline." However, there has not been a precise definition of "borderline," in particular because most specialists claim that such a concept should not be based on hemodynamic criteria only. Indeed, no clear associations have been demonstrated between preoperative pulmonary hemodynamics (including the acute response to vasodilators) and outcomes. Therefore, it is difficult to define a specific level or levels of PVR that allow safe assignment to cardiac operation or preclude it. 14 The current view is that even before hemodynamic data are obtained, it is possible to identify this patient subpopulation on the basis of age (above 1 or 2 years, depending on the cardiac anomaly), type of the defect (truncus arteriosus, atrioventricular septal defects, transposition of the great arteries with a VSD), presence of large, nonrestrictive communications, complex or associated anomalies (particularly involving pulmonary venous drainage), bidirectional shunting with periods of systemic oxygen desaturation, absence of congestive heart failure or failure to thrive, and presence of extracardiac syndromes (particularly Down syndrome).
Patients presenting with combinations of these features very likely have inappropriate elevation of pulmonary artery pressure and vascular resistance and need individualized diagnostic evaluation for proper management. Baseline hemodynamics and the acute response to vasodilators are then taken into consideration as part of the whole diagnostic scenario. It should be noted, however, that the response to acute vasodilator testing has no proven prognostic implications in CHD with pulmonary hypertension, as established in the 5th World Symposium on Pulmonary Hypertension in Nice, France, in 2013. Finally, the limits of the therapeutic actions (and therefore the decision as to whether a given patient should be assigned to surgery) are largely dependent on local experience and expertise at different institutions.
INITIAL APPROACH TO THE PATIENT WITH PAH-CHD
This is an important point, as the answer defines which patients can be safely assigned to repair of their cardiac lesions on the basis of noninvasive diagnosis and which ones will need a more sophisticated evaluation. Most participants agreed that late presentation, absence of pulmonary congestion, presence of associated syndromes, posttricuspid localization of the communications, bidirectional shunting, systemic oxygen desaturation, and the presence of complex anomalies (especially those involving obstruction to pulmonary venous flow) are features to be considered to start thinking about PAH. Patients with none of these features are likely candidates for repair on the basis of simple, noninvasive evaluation. Those with some of these features will probably need a more sophisticated diagnostic approach, and those presenting with all these fea-tures will likely be considered as unsuitable for repair of cardiac defects, at least at the first moment. There were suggestions in favor of including specific anomalies as risk factors (e.g., truncus arteriosus and transposition of the great arteries with a VSD). In addition, a loud second heart sound (pulmonic component) and the absence of murmur in posttricuspid communications should be looked on as indicative of elevated PVR, as should the complete absence of a dynamic precordium. Finally, with regard to the initial screening echocardiogram, in addition to the direction of flow across the communications (bidirectional flow indicative of elevated pulmonary artery pressure), the size of the left cardiac chambers helps in determining the magnitude of pulmonary blood flow in simple posttricuspid defects.
Patients less than 2 years of age with an ASD, VSD, or PDA with normal oxygen saturations and signs of pulmonary over circulation, and only left-to-right shunting by echocardiography may undergo surgical repair without invasive hemodynamic evaluation. Strength of recommendation I; level of evidence C.
ASSESSMENT OF OXYGEN SATURATION
Measurement of systemic oxygen saturation is a crucial diagnostic step in the evaluation of patients with CHD in general, particularly those suspected of having PAH-CHD. [15] [16] [17] [18] By adequately measuring systemic oxygen saturation, one can have an indirect idea of the magnitude of pulmonary blood flow (and therefore PVR). Even in cyanotic congenital cardiac defects, systemic oxygen saturation may be only mildly decreased if pulmonary flow is substantially increased. For example, oxygen saturation levels in the range of 85%-90% may be observed in patients with (1) transposition of the great arteries with large ASD and VSD or (2) double-outlet right ventricle in the absence of pulmonary stenosis or severe pulmonary vascular disease. Pulmonary blood flow and oxygen saturation progressively decrease as pulmonary vasculopathy advances. However, increased systemic oxygen saturation may occur with streaming or obligate shunts (e.g., left ventricle to right atrium) that are independent of the PVR and may result in erroneous clinical underestimation of this parameter. In acyanotic defects, systemic arterial oxygen saturation is expected to be >93%. Patients with moderate to severe pulmonary vasculopathy may have normal oxygen saturation at rest but decreased levels on exertion (young patients may become desaturated during feeding, for example). Bidirectional shunting across a PDA may be associated with a saturation gradient between the right arm and lower limbs, because of the presence of desaturated blood in the descending aorta ( Fig. 1) . Levels in lower extremities may be further decreased by physical activity. Therefore, during the 6-minute walk test in older children, adolescents, and adults, measurements in upper and lower extremities are mandatory at rest and peak exercise. The resting gradient may also increase transiently during episodes of pulmonary vasoconstriction (young children with dynamic PVR).
In the absence of respiratory or neurological disorders, decreased systemic oxygen saturation in patients with congenital cardiac septal defects (for example, oxygen saturation < 93% in acyanotic defects) is strongly suggestive of increased PVR associated with bidirectional shunting. In most instances, extensive and individualized diagnostic evaluation becomes necessary before assignment to surgery.
On the basis of these assumptions, the survey participants would like to recommend the following policies for an adequate assessment of systemic oxygen saturation and interpretation of possible abnormalities: (1) take careful and repeated measurements; (2) make comparisons between upper and lower extremities; (3) if possible, take measurements both at rest and on exertion (according to age); (4) consider the type of the cardiac anomaly; (5) take into account all other causes of systemic oxygen desaturation; (6) consider the altitude at which the evaluation is undertaken; and (7) differential oxygen saturation (lower extremity with saturations lower than the upper extremity) or desaturation with exercise mandates the need for invasive hemodynamic evaluation before consideration of complete surgical or catheter repair. Strength of recommendation I; level of evidence C.
DIAGNOSTIC TESTING IN PATIENTS SUSPECTED OF HAVING PAH-CHD
In order to adequately define the anatomy of heart defects, the overall cardiac function, and the status of the cardiopulmonary circulation, a number of diagnostic procedures/studies are required. 19 Depending on the complexity of cardiovascular abnormalities, a simple or a more sophisticated diagnostic approach is considered (Table 1) . However, a complete diagnostic evaluation may be unrealistic in terms of a global perspective and probably involves a high cost ∶ benefit ratio in many instances. Therefore, in terms of noninvasive cardiovascular evaluation in patients suspected of having PAH-CHD, an electrocardiogram, a chest X-ray (Fig. 2) , and a transthoracic echocardiogram were considered by the task force members as essential and necessary in all instances. Table 2 summarizes parameters obtained during echocardiographic evaluation that have been shown to correlate with catheterization data in patients with congenital systemic-to-pulmonary shunts. [20] [21] [22] [23] [24] Indirect observations that suggest a "highflow/low-resistance" state of the pulmonary circulation are the pressure gradient across the defect (except for large, unrestrictive defects where the pressure is the same on both sides independently of the PVR) and the size of the left cardiac chambers. However, left atrial or ventricular dilation and pulmonary congestion due to increased pulmonary blood flow must be differentiated from atrioventricular (e.g., atrioventricular canal defect) or truncal valve regurgitation.
Even patients with favorable hemodynamics associated with simple cardiac defects may require further diagnostic tests. For example, patients with increased pulmonary blood flow (e.g., a pulmonary-to-systemic blood flow ratio [Qp ∶ Qs] in the vicinity of 3.0 ∶ 1) may not have normalization of the PVR following successful cardiac repair if lung disease is present pre-and postoperatively. 25 Furthermore, respiratory disorders are associated with an increased risk of serious postoperative complications. Thus, extended diagnostic evaluation, which includes high-resolution chest computed tomography for parenchymal lung disease, becomes necessary in expremature infants, patients with bronchopulmonary dysplasia, and selected patients with Down syndrome and other developmental or acquired disorders. Strength of recommendation I; level of evidence C.
CARDIAC CATHETERIZATION: POLICIES FOR OBTAINING ACCURATE DATA
We did not reach a consensus as to whether echocardiography alone without cardiac catheterization is sufficient to assign children to surgery if they have clinical features suggestive of increased PVR. Cardiac catheterization is a complicated diagnostic procedure, especially in young patients, with many potential sources of measurement errors. 26, 27 Measurements have to be made under stable and reproducible clinical conditions and in young children usually require either sedation or general anesthesia. In patients with systemic-to-pulmonary shunts, blood flow cannot be measured by thermodilution and is calculated using the Fick principle. Accurate blood flow measurements require a direct measurement of oxygen consumption, which is unavailable in many institutions. Ideally, the acute pulmonary vasodilator test should be performed with inhaled nitric oxide as the vasodilator stimulus. However, inhaled nitric oxide is relatively expensive and is unavailable in many institutions, including some tertiary centers. In these instances, it is acceptable to perform tests Figure 1 . Comparative pulse oximetry in the right arm and lower extremities in a young (2-year-old) patient with patent ductus arteriosus associated with pulmonary arterial hypertension. At baseline, heightened pulmonary vascular resistance causes right-toleft shunting from pulmonary arteries (PA) to the descending aorta (D-Ao), with decreased oxygen saturation in lower extremities compared to that in the ascending aorta (Ao) and the right arm. Successful pulmonary vasodilator therapy (VD therapy) is followed by a decrease in oxygen saturation gradient between the right arm and the lower limbs, indicating a change in the direction of flow across the ductus, from predominantly right-to-left to predominantly left-to-right. Such a response is unlikely to occur in older patients with patent ducts and right-to-left shunting due to pulmonary hypertension. with prostacyclin analogs (iloprost, for example), intravenous sildenafil (if available), or oxygen at high concentrations (not the preferable method if the Fick principle is being considered for measurement of Qp and Qs).
In order to maximize the usefulness of the data obtained with cardiac catheterization, the following may be of value: (1) adequate discussion of the goals of the cardiac catheterization with involved professionals (including pediatric cardiologists, interventionists, cardiac surgeons, anesthesiologists, and nurses); (2) consideration of discontinuing, whenever possible, diuretics and systemic vasodilators prior to catheterization in order to avoid systemic hypotension; (3) ensuring that the hemoglobin level is adequate; (4) judicious use of sedatives and anesthetic drugs, avoiding in particular premade drug cocktails, bolus administration, and myocardial depressants; (5) maintaining stable hemodynamic, respiratory, and metabolic conditions during the procedure; (6) continuous monitoring of pulse oximetry and end-tidal CO 2 with intermittent blood gas analysis, especially for pH; (7) well-functioning, optimally damped, and accurately zeroed pressure transducers; (8) retrograde catheterization is preferable; (9) blood samples for gas analyses (using the Fick principle to calculate flow) must be processed promptly; (10) if measured oxygen consumption is not available, it is preferable to rely on the Qp ∶ Qs and the vascular resistance ratio (PVR ∶ systemic vascular resistance [SVR]) rather than the absolute values of these parameters. Strength of recommendation I; level of evidence C.
HOW TO INTERPRET AND USE CARDIAC CATHETERIZATION DATA
Three important issues must be considered regarding the interpretation and use of cardiac catheterization data in clinical practice. First, a PVR measurement that absolutely contraindicates surgery in PAH-CHD has not been established. Until recently, it was considered reasonable to "think about corrective surgery" for young patients with a PVR of <6 Wood units m 2 (PVR ∶ SVR < 0.3). Second, the acute pulmonary vasodilator test has not been shown to predict outcome. 11 Despite that, most colleagues would argue in favor of performing the test, because they believe that it is important to determine whether PVR is fixed or dynamic in individual cases. Third, there is a general agreement that hemodynamics and the results of acute vasodilator testing should be considered in the context of the clinical history, physical examination, and noninvasive diagnostic evaluation.
The use of a PVR of 6 Wood units m 2 and a PVR ∶ SVR ratio of 0.3 as limits for considering operation in PAH-CHD was proposed in a previously published consensus 28 and extensively discussed subsequently. 29 A 20% decrease in PVR from baseline during the acute vasodilator test was considered sufficient to define a positive response but not to characterize operability. More recently, during the 5th World Symposium on Pulmonary Hypertension of the World Health Organization (Nice, France, February 2013), a PVR of 4 Wood units m 2 was proposed as a limit for considering surgery, and a PVR of 4-8 Wood units m 2 as the range in which patients should be discussed case by case. The Pediatric Task Force also concluded that at present, there is no established protocol for the vasodilator test in children and no evidence to use it for prognostic purposes.
There has been debate about what to do with patients with elevated PVR (e.g., PVR > 8-10 Wood units m 2 and PVR ∶ SVR > 0.5), in particular since the answer will not be the same for patients at different ages. Furthermore, prospective studies involving large patient populations (children and adults analyzed separately) and long-term follow- d Although patients below the age of 2 years with cardiovascular disorders are particularly susceptible to viral infections (respiratory syncytial virus, adenovirus, and other aggressive agents), which may be associated with severe, life-threatening perioperative complications, the task force members acknowledge that specific diagnostic tests may be unavailable in many places. up are not available. Some participants in the present survey would have a more flexible position if the PVR decreases to levels in the range of 4-6 Wood units m 2 during the vasodilator challenge. Other participants, however, would feel uncomfortable with high PVR levels, regardless of the magnitude of the vasodilator response. Until further literature data become available, these situations will remain a matter of discussion on a very individual basis. The whole diagnostic scenario (not only cardiac catheterization data) and the local expertise at different institutions are important issues to be taken into consideration. Strength of recommendation IIa; level of evidence B.
WHAT IF CATHETERIZATION IS NOT AVAILABLE? SHOULD PATIENTS BE ASSIGNED TO PULMONARY ARTERIAL BANDING?
If cardiac catheterization is unavailable, most members of the task forces suggested referral of patients to another center or institution where the procedure can be done. However, there is general agreement that referral may be Figure 2 . Chest X-rays in patients with systemic-to-pulmonary shunts. A, Marked cardiomegaly (arrow, enlarged left ventricle) with pulmonary congestion in a 2.6-year-old girl with atrioventricular septal defect and markedly increased pulmonary blood flow (pulmonary-to-systemic blood flow ratio [Qp ∶ Qs] of 4.0 ∶ 1). B, Moderately enlarged heart in a 14-month-old boy with patent ductus arteriosus and a small atrial septal defect (Qp ∶ Qs of 1.4 ∶ 1, no clinical features of pulmonary congestion). C, Enlarged but hypertrophic heart without pulmonary congestion in a 2-year-old girl with Down syndrome, large patent ductus arteriosus, and a small ventricular septal defect (Qp ∶ Qs of 1.4 ∶ 1). D, Increased vascular markings in the right lung in a 1.7-year-old boy with hypoplastic left lung and ventricular septal defect (Qp ∶ Qs of 1.8 ∶ 1, corresponding essentially to right-sided pulmonary blood flow). difficult or even impossible in certain areas of developing countries. Alternative solutions have been proposed when catheterization is not available as a diagnostic method and there are reasons to suspect that PVR is at least moderately elevated: (1) partial closure of the communication; (2) leaving a small ASD open while repairing posttricuspid defects; (3) placing a band on the pulmonary artery.
Decades ago, uncontrolled observations suggested that "plexogenic pulmonary arteriopathy," by which was meant cellular intimal proliferation, could be reversed following pulmonary artery banding in patients with CHD. 30 However, the small number of treated patients, the lack of complete catheterization data, and the variable time between banding and repair of the cardiac lesions (time between the two lung biopsies) constitute major limitations and make it difficult to make conclusions about the efficacy of the procedure. More recently, experimental animal data suggested that hemodynamic unloading of lungs with pulmonary vascular disease may induce progressive normalization of pulmonary artery structure. 31 Until data from controlled studies in humans are available indicating that "reverse remodeling" of pulmonary arteries does occur following hemodynamic unloading of the lungs, the consensus is that pulmonary artery band-ing should not be used routinely in patients with elevated PVR. Thus, the general opinion recommended pulmonary artery banding to protect the pulmonary vasculature if there is increased pulmonary blood flow and corrective surgery is impossible. On the other hand, there are data to suggest that two-stage repair is accompanied by increased mortality in both developed and developing countries. 32 Strength of recommendation IIa; level of evidence C.
ROLE OF LUNG BIOPSY
Since the publication by Heath and Edwards 33 in 1958 of a comprehensive classification of pulmonary vascular lesions in CHD, many investigators have looked at specimens obtained at autopsy or via lung biopsy (preoperative or intraoperative) for further understanding of the characteristics of vascular remodeling that occur in this disorder. This huge amount of information served as a basis for a better understanding of lung development under the abnormal conditions of CHD, provided us with data of prognostic significance, and added important contributions to current knowledge of vascular abnormalities that occur in PAH. [34] [35] [36] [37] With continuous advances in noninvasive diagnosis (essentially echocardiography) and cardiac catheterization in young pediatric patients, lung biopsy for diagnostic and prognostic purposes became less usual. On the other hand, the argument that findings of biopsy specimens are not representative of the whole lung probably does not hold, as the interpretation of the observations depends largely on the quality of the collected tissue and the expertise of the pathologist (Fig. 3 ). 38 Assessment of pulmonary vascular abnormalities by lung biopsy remains important in specific conditions, including cardiac shunts in the presence of unilateral lung hypoplasia, unilateral pulmonary arterial stenosis, systemic blood flow supply to the lungs, and suspicion of veno-occlusive disease or pulmonary vein stenosis. Thus, the current view is that in PAH-CHD, lung biopsy is not recommended routinely as part of diagnostic investigation. However, lung biopsy (preoperative or intraoperative) may provide helpful information in selected cases and may be considered for research purposes. Strength of recommendation IIa; level of evidence B.
IMMEDIATE POSTOPERATIVE CARE
Successful management of PAH-CHD patients who do undergo surgery also depends on the availability of expert perioperative care. Pulmonary hypertensive crisis (PHC) is a life-threatening hemodynamic disturbance associated with prolonged intensive care unit stay and significant mortality. It is different from simple, transient elevation of pulmonary artery pressure. Although one might consider PHC a typical postcardiopulmonary bypass complication, actually it may occur even following simple interventions (e.g., pulmonary artery banding). In the current era, the overall incidence of PHC following pediatric cardiac surgery is low (∼1%), but once a typical crisis is in course, the likelihood of a fatal outcome is high. 39 Furthermore, there is no preoperative PVR that effectively predicts the occurrence of postoperative PHC. It should be emphasized, however, that this low incidence of PHC is reported for tertiary centers in developed countries, where inhaled nitric oxide and all other postoperative facilities are available, with prompt assistance at any re-mote suggestion of trouble. The incidence is expected to be considerably higher in areas where these tools are not available. Patients particularly at risk are those older at surgical treatment, those with a high degree of pulmonary vasoreactivity, those with an extracardiac syndrome, and those with an elevated pulmonary venous or left atrial pressure. 40 In terms of postoperative management, the consensus was against the routine prophylactic use of pulmonary artery catheters and treatment with pulmonary vasodilators. However, a systemic arterial line (catheter) and central venous access are essential. Judicious use of pulmonary artery catheters maybe of value in individual cases. Recom- Figure 3 . Photomicrograph of a lung biopsy taken intraoperatively from a 3-year-old patient with ventricular septal defect. Note the presence of thin-walled arteries at the entrance of the pulmonary acinus. This could lead to the interpretation that there is no structural pulmonary vascular disease. However, to the experienced pathologist, the apparent discrepancy between clinical and morphological data and the knowledge that distal dilatation occurs in severe pulmonary vascular disease indicate that a search for obstructive lesions is mandatory. In the case illustrated here, a plexiform lesion was found in another level of the same lung specimen, after semiseriated sections. Hematoxylin-eosin stain, objective magnification ×10. Photograph courtesy of Vera D. Aiello, Heart Institute, University of São Paulo, Brazil. Reproduced from reference 38, with permission. a Only biventricular physiology is considered. b Atrial and ventricular septal defects, patent ductus arteriosus (single or combined lesions). Total atrioventricular septal defects (cushion defects) may be considered moderately complex lesions (especially when associated with Down syndrome), particularly if full repair of the atrioventricular valve is unlikely to be possible and residual dysfunction is expected. c Transposition of the great arteries, especially when associated with a ventricular septal defect; persistent truncus arteriosus (particularly in older infants); systemic origin of pulmonary arteries; unilaterally stenotic or hypoplastic pulmonary arteries associated with intracardiac shunts; obstruction to the pulmonary venous flow; systemic-to-pulmonary shunts complicated by pulmonary vein stenosis; obstructed anomalous pulmonary venous drainage.
mended postoperative management includes avoiding the triggers of PHC. These include avoiding low cardiac output syndrome (with milrinone and low-dose epinephrine), hypoxia, and acidosis; adequate sedation with narcotics; and optimizing ventilation. Muscle relaxation may be indi-cated. Treatment of impeding or established PHC includes administration of inhaled nitric oxide, inhaled prostacyclin or analogs, moderate alkalosis, sedation, and muscle relaxation. A randomized controlled trial showed that the phosphodiesterase type 5 inhibitor sildenafil prevents rebound pulmonary hypertension after withdrawal of nitric oxide in children and reduces mechanical ventilation time and length of stay in the intensive care unit. 41 Any child experiencing symptomatic postoperative pulmonary or right ventricular hypertension requires a thorough evaluation to exclude hemodynamically important residual or unappreciated cardiac lesions. Strength of recommendation IIa; level of evidence C.
CONCLUSION
Early repair of congenital cardiac lesions with improved postoperative care is the best strategy to prevent the development of severe pulmonary vasculopathy in CHD. However, even in developed nations, some infants/children are older at presentation or have yet-undiscovered genetic abnormalities that predispose to increased pulmonary vasoreactivity or early development of pulmonary vascular remodeling. The decision to operate on these patients with an acceptable risk of early and late postoperative complications is not easy, and the current view is that it should be not be based on single parameters. The consensus is that safe assignment to surgery in PAH-CHD should be based on "the full picture," that is, a stepwise analysis of a series of clinical, noninvasive, and eventually invasive diagnostic procedures (summarized in Table 3 ). Hopefully, in the future, biological markers of prognosis (based on increased knowledge in terms of cellular biology, proteomics, and genomics) will be available for use in practice. Until then, careful analysis of multiple parameters on a very individual basis seems to be the best policy. Also, long-term postoperative follow-up is required, as residual (persistent) PAH may become evident years after surgery in some cases.
